These writers pointed out that if B10 were concentrated in a neoplasm which was then irradiated with slow neutrons, the tumor might be destroyed. Since the destructive effect of the a particle will be limited either to the cell containing the parent atom of B'0 or to cells in its immediate neighborhood, normal cells are likely to survive.
If this idea is to bear fruit in treatment of tumors in man, we need: 1) a powerful source of slow neutrons, 2) a method for achieving a high differential concentration of boron in tumor as compared with normal tissue, and 3) information as to the absolute concentration of the boron in various tissues which would be essential for destruction of only the neoplastic cells by the energies consequent upon the neutron beam. Of these requirements No. 1 is now supplied by the intense beam of slow neutrons emerging from the nuclear ' reactor at the Brookhaven National Laboratories.
Sweet and Javid (3) have recently described steps toward meeting the second requirement insofar as intracranial tumors are concerned. Briefly, it was found that if borax is injected intravenously it will appear in many rapidly growing brain tumors in ratios of > 3: 1 as compared with normal brain. A (6) .
oa: the isotopic capture cross sections, with the exception of that for B10 taken from the later compilation of Sullivan, are from Nuclear Data by Way, Fano, Scott, and Thew (7).
A: all of the energy from electrons, protons and alpha particles is absorbed in the brain, so that in these cases A = 1. This is not true, however, for gamma rays.
In order to arrive at a first approximation of the fraction of gamma ray energy absorbed in the radiated material, an assumption as to the geometry of the neutron distribution is required. Because of the fairly rapid absorption of thermal neutrons in tissue or water, the flux will drop rapidly as neutrons diffuse into the brain. This tendency is measured in terms of the diffusion length of neutrons, defined as that distance required to reduce the flux of a plane infinite beam of neutrons to 1/e of its original value. This figure for thermal neutrons in water is 2.85 cm. The absorption is somewhat greater in tissue, especially in tissue containing B10. We have not attempted to calculate a corrected diffusion length for slow neutrons in brain, but experimental measurements of this datum in phantoms are being undertaken. This correction is probably not important for the computation here because, as will be seen in the table and further discussion, the total gamma ray energy is of small significance in comparison with that from the heavy particles.
The percentage of the energy absorbed from the gamma radiation may be calculated on the basis of the following model. A sphere of radius equal to the diffusion length of thermal neutrons in water (2.85 cm.) is assumed to be uniformly irradiated with the production of N gamma rays/cc./min. Let dD represent the contribution to the radiation dosage at the center of the sphere resulting from the gamma rays originating in the volume element enclosed between the radial shells at r and r + dr of Figure 2 . X-rays and gamma rays are absorbed by matter in three different ways: 1) When the minute mass associated with an X-ray or gamma ray (quantum or photon) collides with an atom it may transfer its entire energy to an orbital electron, ejecting it from the atom. This process is known as the photoelectric effect. A wave strikes and an electron emerges. 2) A gamma ray photon of shorter wave length, i.e., with higher energies, is more likely to retain some of its energy and bounce off the orbital electron sending it off at one angle while the photon moves off at another angle-a billiard ball type of collision-in which the scattered photon, after the collision, has a longer wave length, less energy and a different direction from the incident photon. This is the Compton effect. 3) A photon at a still shorter wave length and higher energy above 1.02 mev. may, when it passes near a nucleus, lose its wave characteristic and abruptly materialize into two particles-an electron and a positron. This is known as pair production.
(4 -r r2 dr) is the volume of the differential element enclosed in the radial shells at r and r + dr. If the equation is integrated from 0 to R, the total dose rate at the center of the sphere of radius R will be found. DR = 4-k(1 -e jR).
The dosage rate of a sphere of infinite radius, i.e., one in which all of the liberated energy would be absorbed, would be:
and the ratio is:
This ratio is important because it gives an approximation to the ratio of the energy absorbed per cc. of medium, DR, to the energy liberated! per cc., DM. This is identical to the constant A in Equation I. p is determined primarily by the Compton absorption coefficient as calculated from the KleinNishina (8) equations. A convenient graph from which values of ju in water can be read off directly has been published by Marinelli, Quimby, and Hine (9) (R = 2.85 cm.). In the present case where .R is much less than 1, A can be simply written as A = pR. It is obvious that these calculations give only a rough estimate of the contribution of the gamma ray to the total dose.
Using the foregoing data and method, we have computed the roentgen equivalent physical/min. arising in normal brain and in neoplasm as a consequence of slow neutron capture for the naturally occurring elements H, C, N, 0, Na, Mg, P, S, Cl, K, and Ca and for boron.10 The results are recorded in Table I . 4 We have injected only 5 g. of sodium borate into patients during operations on their gliomas, obtaining data of the order of magnitude recorded in Figure 1 . However, when the patient is irradiated at the nuclear reactor for therapy, Dr. Farr and his collaborators give intravenously about 15 g. of sodium borate/70 Kg. of body weight so that levels about 3 X those recorded in Figure 1 , or 50y of BI0/g. of tumor and 15 y of B10/g. of normal gray matter during the first 30 minutes af-ter injection, have been selected as the values on which to base the computation. It will be noted that the estimate is above .02 rep/min. only for H, N, and Cl. All of the remaining eight elements normally present add a total of only .05 rep/min. In addition, we give our computation for the ionization arising from the formation of radioactive C188 from the C187 constituting 24.67% of the normally occurring Cl, since we conclude that this gives rise to an inconsequential amount of radiation-a marked divergence from the opinion expressed by Conger figure assumes that the biologic effect from this radiation at half life 37 min. would be the same as though it were all given off at once. In subsequent correspondence with Dr. Conger, we learn that the capture cross section of 40 for naturally occurring Cl was used by him instead of the value 0.6 for C187 which has since become available and which is, of course, the figure applicable to the formation of C188. This accounts for much of the discrepancy between the two calculations. The results of similar calculations based on our same assumptions for Na24 and p82 are also charted in Table I and show that no significant quantities ensue from these sources. A further delayed radiation comes from the C14 yielded by the reaction N14 + n = [N15] = C14 + p+, but the 5,700 year half life of this weak (.155 mev.) /-emitter precludes an observable biologic effect under these circumstances over a 50 year period in man.
The figures in Table I show that for the concentrations of B10 indicated in normal and neoplastic brain, the site of this isotope largely determines the site of the rep/min. Further factors contribute to the conclusion that the B10 will be the main cause of radiation damage, to wit, that heavy particles are much more efficient than y rays in their biological effect on chromosomes. Kotval and Gray (1947), cited by Conger and Giles, found alpha particles 7.8 times as efficient as X-rays per unit dose measured physically in producing isochromatid deletions, and the same particles were 4.1 times as effective as X-rays in producing chromatid plus isochromatid deletions. 8 Conger and Giles have demonstrated a further increase in efficiency when the alpha radiation arises from within the tissue of 14:1 for isochromatid deletions and 11: 1 for chromatid plus isochromatid deletions. The chief disturbing factor in normal tissue, aside from the B10 there, is the gamma ray evolving when hydrogen captures a neutron, which has the same lesser efficiency as X-rays in causing cellular death.
If we multiply a factor of roughly 6 of Kotval and Gray for the increased efficiency of heavy particles over X-and gamma rays, by 12, the additional increase in efficiency noted by Conger and Giles for alpha radiation arising within tissue, we might conclude that the rep/min. arising from the disintegration of boron would be about 70 times as destructive as the y ray from hydrogen. However, one of the major reasons suggested for the increased efficiency of the internal particulate radiation in the lily bulbs of Conger and Giles is the concentration of the boron in the nucleus and chromosomes as compared with the cytoplasm. Hence an increased number of chromosome "hits" per unit dose is more likely from the intracellular and intranuclear boron. Since within 30 minutes after intravenous injection of the borax in man it seems unlikely that much of it has penetrated into the cell, much less the nucleus, we have thought it appropriate to estimate conservatively the greater efficiency of particulate radiation in our material 6 A "chromatid" is one of the two sister structures formed by the longitudinal splitting of a chromosome during mitosis. Irradiation at a stage in which the chromosomes are split may produce a break in only one of the members of a pair of chromatids. Removal of a portion of the chromatid at the breakage point will tend to prevent reunion of the broken ends and a chromatid deletion is said to have occurred. If both chromatids of the pair are broken at the same level and reunion does not occur, the aberration is termed an isochromatid deletion. Data are presented to show the degree to which intravenously injected borax concentrates in malignant brain tumors and in normal tissues' including brain. On the basis of these data for boron and those from other sources for other elements we have computed to a first approximation the amount of biologic radiation damage (relative, biologic efficiency X rep/min.) arising from each element consequent upon exposure to a beam of slow neutrons. The figures reveal that: 1) for the expected concentrations in tissue following injection of borax, the locus of the boron atom would be the principal determinant of the site of damage; and' 2) at the readily achieved differential concentrations between glioma and brain of 3.3: 1, the radiation damage in tumor would be about 3 X that in normal brain-if one assumes uniform distribution of the neutron flux.
